The fossiliferous area of els Hostalets de Pierola (Vall es-Pened es Basin, NE Iberian Peninsula) is exceptional among the European Miocene in terms of the high diversity of extinct catarrhines recorded in a densely sampled stratigraphic sequence spanning more than one million years (Alba et al., 2011a) . Paleontologist Josep R. Bataller, together with amateur collector M arius Guerín, surveyed the area during the 1920s and first reported on its fossil fauna (Bataller Calatayud, 1938) . Although Guerín collected a hominoid M 2 , it was mistaken for a suid and it was not reassigned to Dryopithecus until much later (van der Made and Ribot, 1999) . Subsequent surveys in the area were carried out by paleontologists Miquel Crusafont and Josep F. de Villalta during the 1940s (e.g., Villalta Comella and Crusafont Pair o, 1941a; Villalta and Crusafont, 1946) . In the loosely-defined locality of Can Vila, these authors discovered a hominoid mandibular fragment with M 2 eM 3 (Villalta Comella and Crusafont Pair o, 1941b , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 1944), first attributed to Dryopithecus fontani but subsequently used to erect Sivapithecus occidentalis (currently considered a nomen dubium; Moy a-Sol a et Alba, 2012) , as well as one or two additional molar crown fragments (Villalta Comella and Crusafont Pair o, 1944; Crusafont Pair o, 1958; see discussion in; Golpe Posse, 1982; Alba et al., 2013) . Many years later, CrusafontPair o and Golpe-Posse (1973) reported a female lower canine from Can Mata 1, which was formerly attributed to Hispanopithecus laietanus (e.g., Golpe Posse, 1993), but most recently assigned to Hominidae indet. (Alba, 2012) . For many years, Can Vila and Can Mata 1 were the only late Aragonian (late middle to early late Miocene) primate-bearing localities from the Pened es sector of the Vall es-Pened es Basin (Agustí et al., 1985; Casanovas-Vilar et al., 2011a) . This situation drastically changed in late 2002 thanks to the beginning of paleontological surveillance, sampling and excavation associated with the removal of thousands of tons of Miocene sediments with heavy machinery during the building of a new phase of the Can Mata Landfill (Abocador de Can Mata [ACM] ; Fig. 1a ; Alba et al., 2006 Alba et al., , 2009 Alba et al., , 2011a . This paleontological work, carried out almost uninterruptedly (10.5 years of fieldwork in total) until early 2014, led to the recovery of more than 60,000 fossil vertebrate remains. This huge sampling effort enabled the recovery of rare taxa such as primates, leading to the description of three new hominoid genera (Moy a-Sol a et , 2009a Alba et al., 2015) and a new pliopithecoid species (Alba et al., 2010) . Detailed litho-, bio-and magnetostratigraphic control further enabled accurate dating of the more than 200 paleontological localities formally defined along the composite stratigraphic sequence of ACM (Moy a-Sol a et al., 2009b; CasanovasVilar et al., 2011a) . Although estimated ages have already been published for some of them (e.g., Casanovas-Vilar et al., 2011a , 2016 Alba, 2012) , recent refinements in the calibration of the geomagnetic polarity time scale Hilgen et al., 2012) and additional field data have resulted in minor readjustments. The termination of fieldwork in 2014 offers a good opportunity to report a comprehensive list of updated estimated ages for ACM localities, thereby including an accurate dating for all of the identified primate remains that have been recovered from this area.
Geological background
The middle to late Miocene successions in the area of els Hostalets de Pierola are located in the Pened es sector of the Vall esPened es Basin. The latter is an elongated and NNE/SSW-oriented half-graben, situated between the Pre-littoral and the Littoral Catalan Coastal Ranges, which originated due to the rifting of the NW Mediterranean during the Neogene de Gibert and Casanovas-Vilar, 2011) . Except for some marine and transitional sequences from the early to middle Miocene, most of the basin infill consists of alluvial fan sediments that have provided a rich record of early to late Miocene continental vertebrates (Agustí et al., 1985; Casanovas-Vilar et al., 2011b . The thick Miocene alluvial sequences of the ACM and surrounding areas mostly consist of reddish to brown mudstones, coupled with less abundant sandstones, breccias and conglomerates, which were deposited in the distal-to-marginal inter-fan zones of the coalescing alluvial fan systems of Olesa and els Hostalets de Pierola (Casanovas-Vilar et al., 2008; Alba et al., 2009 Alba et al., , 2011a ; Moy a-Sol a ). These multicolored sediments are interpreted as the result of alternating reducing/oxidizing conditions (due to oscillations of the water table), with comparatively thin and scarce paleosol horizons being characterized by an intense red coloration. Additional information about the geology of the ACM can be found in Alba et al. (2009) .
Materials and methods

Lithostratigraphic correlation
A composite lithostratigraphic sequence of ACM was constructed on the basis of 38 local sections (47.2 m in average thickness, but ranging from 7 to 150 m), five of which have associated paleomagnetic data. Although a simplified correlation of the then available lithostratigraphic sections was provided by Alba et al. (2009) , the complete lithostratigraphic panel (including correlation of all the local sections) remained unpublished. All the documented lithostratigraphic sections largely overlap with adjacent ones and were correlated with one another based on 42 correlation levels (See Supplementary Online Material [SOM] Table S1 and Fig. S1 ). The same method (although not explicitly described) was applied by Moy a- Sol a et al. (2009b) to the then available sections.
The levels used to correlate the local sections with one another are composed of fine-to very fine-grained sediments (claystones and siltstones), with some sporadic presence of quartzite clasts and frequently also with pedogenic carbonate nodules. These levels do not differ noticeably in lithology from other argillaceous and silty layers from the area, but can be readily distinguished from them because of their intense red coloration, which is distinctly darker than that of most other fine-grained sediments from the ACM sequence. These correlation levels are interpreted as paleosols, with their intense red coloration denoting well aerated (oxidizing) and lowered water table conditions . Among the correlation levels used by us, only level a stands out due to its bluishegrayish coloration, which uniquely along the ACM section indicates exceptionally marked reducing and elevated water table conditions (which were otherwise generally absent from this depositional environment). Stratigraphic layers consisting of sandstones or conglomerates were discarded as correlation levels at ACM because of their restricted (decametric) lateral continuity compared to the above-mentioned claystone and siltsone correlation levels (which display a lateral continuity in the order of hundreds of meters within the excavated area). This is exemplified by the above-mentioned level a, which is documented in twelve local sections and displays a minimum lateral extension of >600 m within the ACM area. This and other correlation levels were repeatedly documented in the successive cells and other structures of the dump as they were consecutively excavated (SOM Table S1 ), thanks to the extensive outcrops generated by the activity of the heavy machinery (Fig. 2) .
Magnetostratigraphy
The magnetostratigraphic correlation of the composite lithostratigraphic sequence of the ACM with the latest update of the Geomagnetic Polarity Time Scale (GPTS; Figs. 3e4 ). In the field, the stratigraphic position of each ACM locality was recorded relative to its closest lithostratigraphic section(s), being thus correlated on lithostratigraphic grounds to the composite magnetostratigraphic sequence.
Definition of the localities
Although isolated fossil finds were common during the surveillance of the excavators' activity, most of the recovered fossils (>90%) come from formally-defined localities, which were designated with a particular name for practical reasons. These formallydefined localities are designated by the ACM acronym, separated by a slash from the (sub)sector acronym (Fig. 1b, c) , and followed by one or two characters denoting the locality (see SOM Table S2 for further details). These localities are restricted areas within a single stratigraphic horizon (usually between 0.2 and 1 m in thickness) from which fossil remains were collected, being quite heterogeneous in lateral extension and number of recovered fossil remains. Some localities (e.g., ACM/C1-E*) yielded only a single or a few fossil remains, but were nonetheless formally defined given the significance of the finds. Other localities are medium to large-sized accumulations of micro-and/or macrovertebrate remains. Localities that exclusively yielded microvertebrate remains are usually restricted to a few square meters, but the number of recovered remains may range from a few tens to several thousands of specimens. Localities with large mammal remains are also heterogeneous in extension, ranging from small accumulations of a few square meters and less than a hundred recovered remains, to very rich and extensive accumulations of >100 m 2 and >5000 macromammal (and often also micromammal) remains.
Estimation of locality age by interpolation
An estimated age was calculated for each locality using linear interpolation from subchron boundaries (e.g., Barry et al., 2002 ; see also Casanovas-Vilar et al., 2014: Fig. 3 ), i.e., by relying on the locality's correlation with a particular subchron, its stratigraphic position within that subchron, and the sedimentation rate computed for that subchron, with sedimentation rate being calculated on the basis of the temporal duration and stratigraphic thickness of each subchron in the composite magnetostratigraphic sequence. For the top subchron at ACM, sedimentation rate was computed based on its actual thickness (taking into account nearby outcrops outside the ACM), whereas for the bottom one, sedimentation rate was approximated by that of the adjacent subchron. Due to the intermittent nature of sediment deposition in fluvial/ alluvial environments, characterized by short episodes of sedimentation separated by longer hiatuses, computed sedimentation rates vary depending on the time-scale of observation (Sadler, 1981 (Sadler, , 1999 and interpolated ages are prone to some error due to shortterm variation in sedimentation rates (Badgley et al., 1986) . Barry et al.'s (2002) method tries to minimize this problem by relying on sedimentation rates calculated for each subchron, although some error remains due to potentially uneven sedimentation rates within each subchron. However, if hiatuses are randomly distributed and short relative to interval duration, age estimates are considered reliable (Badgley et al., 1986; Barry et al., 2002) . The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 YJHEV2264_proof ■ 5 October 2016 ■ 3/9 lateral consistency in the measured thickness of stratigraphic intervals, the lack of sharp stratigraphic contacts and the overall uniformity of sedimentary facies across the study area suggest that steady sedimentation at the time-scale of 100 ka is reasonable. The latter assertion was further tested by computing differences in stratigraphic thickness between consecutive correlation levels among different subsections in the composite lithostratigraphic correlation panel, and using their average value multiplied by average sedimentation rate as a proxy of the average error of the age estimates computed for the localities.
Results
The strata excavated at ACM consistently displayed a moderate dip toward the west (Moy a-Sol a et al., 2009b). In particular, repeated field measurements at different outcrops delivered values of strike and dip around 175 /14 W. Given that most of the cells and structures of the dump were consecutively excavated toward the northwest, over the years progressively younger sediments were sampled. The large overlap between the extensive outcrops generated by the heavy machinery enabled us to reliably correlate all the various local stratigraphic sections with one another, as well as with the magnetostratigraphic sections already sampled by Moy a-Sol a et al. (2009b), by means of the above-described correlation levels (see SOM Table S1 ), which could be followed across successive cells of the dump.
The local composite stratigraphic sequence of ACM has a thickness of 234 m and covers up to seven subchrons (from C5Ar.1r to C5r.2r; Table 1), with an estimated total duration of 1.2 myr (from 12.58 to 11.38 Ma; Fig. 3 ). Along this sequence, 235 formally defined paleontological localities have been discovered, resulting in an average of 19.6 localities per 0.1 myr. Only 19 localities (8%) have yielded primate remains, belonging to either pliopithecoids or hominoids; Table 2 ; Fig. 3 
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). The estimated ages and stratigraphic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 positions in the composite stratigraphic sequence of the primatebearing localities are reported in Table 2 , together with remarks on the recovered remains and their taxonomic assignment. A complete list with the stratigraphic position and the estimated ages of all formally defined ACM localities is reported in SOM Table S2 . Interpolated ages are subject to two kinds of errors resulting from variations in accumulation rate in both time and space. Variations through time are obvious when sedimentation rates are computed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 separately for each subchron (Table 1) , which contributes significantly in minimizing errors in estimated age, as explained in the Materials and methods. Although there is some variation in sedimentation rates between subchrons, the resulting average sedimentation rate of 19.5 cm/kyr for the ACM sequence is very similar to the average of 20 cm/kyr computed by Garc es et al. (1996) for the Vallesian sections of the same basin. With regard to errors in estimated ages due to spatial variation in sedimentation rates, they are minimized by the fact that all the correlated local sections come from a very restricted geographic area (less than 0.5 km 2 ). This notwithstanding, the correlated local stratigraphic sections do show some minor variations in stratigraphic thickness between synchronous pairs of points, which inevitably results in some degree of uncertainty in estimated ages interpolated from the composite magnetostratigraphic correlation. The average error in estimated ages due to this factor can be approximated based on differences in stratigraphic thickness between consecutive correlation levels. We computed these differences for 221 pairs of consecutive correlation levels, resulting in an average stratigraphic distance of 5.3 m (range 1e12 m), which on the basis of the average sedimentation rate computed for the whole composite sequence would represent an average error in estimated age of ca. 27 kyr (range 5e62 kyr). Even if this figure should be increased to some extent because of intrasubchron temporal variation in sedimentation rate, it strongly suggests that our estimated ages are reliable at least to the nearest 0.1 Ma. When biostratigraphic data are also taken into account, it emerges that the whole ACM sequence is late Aragonian in age, its lower-most portion being correlated to MN6 and the rest to MN7þ8 (the boundary between these zones being locally estimated at 12.4 Ma, as defined by the first appearance of Megacricetodon ibericus; Casanovas-Vilar et al., 2016) . According to the latest rodent-based local biozonation of the Vall es-Pened es Basin (Casanovas-Vilar et al., 2015 , 2016 , the ACM sequence spans three subzones of the Hispanomys Assemblage Zone: the lower-most part of the sequence is correlated with the Megacricetodon crusafonti þ Democricetodon larteti Concurrent Range Subzone (12.6e12.38 Ma), followed by the M. crusafonti e Democricetodon crusafonti Interval Subzone (12.38e11.87 Ma), and finally the D. crusafonti e Hippotherium Interval Subzone (11.87e11.18 Ma). The upper part of the last, shortly after the middle/late Miocene transition at 11.625 Ma (Hilgen et al., 2012) , is not recorded at ACM, although it would be represented by the classical locality of Can Mata 1 (ca. 11.2e11.1 Ma; Casanovas-Vilar et al., 2011a). The Dryopithecus molar found by Guerín in the 1920s is also probably younger than the whole ACM sequence, whereas the outcrops of the classical locality of Can Vila are most likely equivalent to sector ACM/BCV, with an estimated age of ca. 12.0 Ma .
Discussion and conclusions
The primate succession at ACM is summarized in Figure 4 . The oldest primate specimen recorded at ACM corresponds to maxillary remains of Anoiapithecus brevirostris, with an estimated age of 12.4e12.3 Ma, followed by an indeterminate pliopithecoid at 12.1 Ma. Slightly later, most of the remaining great ape finds are clumped in a short time interval between 12.0 and 11.9 Ma, including Anoiapithecus (12.0 Ma), Pierolapithecus (12.0 Ma and, a Localities with a designation ending in a number (e.g., ACM/BCV1) also have micromammal remains, whereas asterisks (e.g., ACM/C1-E*) denote isolated primate finds. See SOM Table S2 for further details and for the estimated ages of localities without primates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 tentatively, 11.9 Ma), and Dryopithecus (12.0e11.9 Ma). Only the last taxon and fragmentary indeterminate dryopithecine remains minimally overlap with the lower stratigraphic range of the pliopithecoid Pliopithecus canmatensis, which is recorded in seven localities that span from 11.9 to 11.7 Ma. Subsequently, two isolated dryopithecine postcranial bones are recorded at ca. 11.7e11.6 Ma, whereas the stem ape Pliobates cataloniae is the youngest primate from the ACM sequence, being recorded in two localities (one unpublished), both with an age of 11.6 Ma. Co-occurrence of two different primate taxa within a single locality has been recorded only twice, based on very fragmentary unpublished dryopithecine remains: a partial middle phalanx from ACM/C5-C3 (11.9 Ma), too large to belong to P. canmatensis; and a distal humeral fragment from ACM/C5-D1 (11.6 Ma), too large and derived in morphology to belong to P. cataloniae. The original stratigraphic ranges of the recorded primate species, in all probability, must have been longer than recorded (about an order of magnitude, judging from published average species durations for fossil mammals; Vrba and DeGusta, 2004; Alroy, 2009) , and it is thus most likely that all of them overlapped in time. However, it is noteworthy that pliopithecoids and hominoids, despite overlapping in stratigraphic range at ACM (Fig. 4) , only rarely co-occur at the same locality. Therefore, it is uncertain whether these two groups habitually co-existed in both time and space, i.e., whether they frequently inhabited the same type of habitat.
Throughout the European Miocene, pliopithecoids and hominoids co-occur at only a few sites (Begun, 1989; Andrews et al., 1996; Harrison et al., 2002; Eronen and Rook, 2004; Begun et al., 2010; Sukselainen et al., 2015) , such as Castell de Barber a in the Vall es-Pened es Basin Alm ecija et al., 2012; Alba and Moy a-Sol a, 2012a) , or Rudab anya in Hungary (Ungar, 2005; Begun et al., 2010) . However, the co-occurrence of pliopithecoids and hominoids within a single stratigraphic horizon can be proven only for Rudab anya (Begun et al., 2010) , whereas at most other sites, such as Castell de Barber a, it is unknown whether pliopithecoid and hominoid remains come from the very same stratigraphic horizon. Here we show that, through the ACM sequence, pliopithecoids and hominoids generally do not co-occur within a single locality (with a single exception), in spite of close similarities in the geological age of the material. This resembles the case previously documented for the complex of karstic sites from La Grive-Saint-Alban (France), where two pliopithecoids and a hominoid are recorded from different fissure fillings (Mein and Ginsburg, 2002; P erez de los Ríos et al., 2013) . In fact, despite the high number of primate taxa recorded at ACM (at least, by European Miocene standards), two different species (a large-bodied dryopithecine and a small-bodied catarrhine, either Pliopithecus or Pliobates) co-occur only twice. Some authors have previously argued that the infrequent co-occurrence between hominoids and pliopithecoids throughout the European Miocene might be, at least in part, a sampling artifact related to the rarity of these primates (Andrews et al., 1996) . Alternatively, the rare co-occurrence between these groups at ACM and elsewhere in Europe might be related to differences in the ecological preferences of each group, coupled with changing paleoenvironmental conditions through time. According to the principle of competitive exclusion, these groups might have had different ecological preferences or occupied slightly different ecological niches, thereby only coexisting under particular environmental conditions (Andrews et al., 1996) . Since the diet inferred for P. canmatensis overlaps with the dietary variation displayed by ACM hominoids as a whole (DeMiguel et al., 2013 (DeMiguel et al., , 2014 Alba et al., 2015) , potential ecological differences between these groups might be more likely related to paleobiological aspects different from diet (e.g., locomotion, life history). Most recently, Sukselainen et al. (2015) concluded that pliopithecoids generally inhabited more humid environments than hominoids. These authors further tentatively suggested that localities with both taxa were even more humid, although these differences were not statistically significant (which is not surprising, given the small number of localities where both groups have been recorded). Figure 4 . Approximate stratigraphic ranges of the various primate taxa recovered at ACM based on their first and last occurrences at ACM (in gray), with locality occurrences of each taxon superimposed (in black). Occurrences have been depicted based on interpolated ages reported for primate-bearing localities in SOM Table S2 to the nearest 0.01 Ma, but ranges further take into account an age uncertainty of ±0.05 Ma for first and last occurrences of each taxon. It is uncertain whether the indeterminate dryopithecine finds, depicted here within a single range, represent the same taxon or not (they might belong to one or more of the species recorded at ACM). The light gray background signals the time span represented by the ACM composite sequence . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In order to test the two hypotheses mentioned above at ACM, detailed quantitative analyses (outside the scope of this paper) would be required, including the analysis of taphonomic data (such as the number of specimens of each taxon recovered from each locality) to evaluate sampling biases. Given the heterogeneous nature of the formally-defined ACM localities, the role of sampling biases (due to differences in collecting techniques, volume of sediment excavated and/or screen-washed, and richness of the accumulations) cannot be ignored when comparing the taxa recovered from each locality. To some extent, these biases may be minimized by combining localities into stratigraphic bins of equal (0.1 myr) duration. However, sampling effort appears more intense toward the upper part of the ACM sequence (particularly between 12.0 and 11.7 Ma and, especially, at 11.6 Ma)dat least, as roughly approximated by the number of formally defined localities per 0.1 myr stratigraphic bin (see Table 2 )dso that a quantitative correction for sampling biases will, nevertheless, be required. Unfortunately, these analyses will not be possible until a much larger proportion of ACM fossils are prepared (in the case of large vertebrates) or sorted out from the screen-washing residue (regarding small vertebrates). In the meantime, paleoecological analyses based on the ACM fauna (such as the analyses of tooth enamel stable isotopes, or mesowear analysis of ungulate teeth) may provide helpful insights about whether ACM habitats did change significantly with the passing of time and, if so, whether the inferred paleoenvironmental changes are somewhat correlated with the faunal turnovers observed among the recovered fauna (including primates). Therefore, the set of primate-bearing localities from ACM, framed within a densely-sampled sequence spanning about one million years and restricted to a small geographic area, offers the prospect of shedding new light, in years to come, on the most likely cause(s) underpinning the infrequent co-occurrence between large-bodied apes and small catarrhines in the European Miocene. In this regard, the estimated ages reported here for all the fossil vertebrate localities from the ACM stratigraphic sequence represent an important first step towards the resolution of this long-standing conundrum.
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